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3.3. Manufacture of welded joints with embedded flaws due to cold cracking 
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ZHUHPDQXIDFWXUHGE\WKHIROORZLQJSURFHGXUH)LUVWPXOWLSOHOD\HUZHOGLQJZDVSHUIRUPHGE\FRQVWUDLQWZHOGLQJ
DFFRUGLQJ WR WKHZHOGLQJ FRQGLWLRQV VKRZQ LQ 7DEOH  6XEVHTXHQWO\ RQO\ WKH LQLWLDO OD\HU RI WKH WHVWZHOGZDV
IRUPHG $V VKRZQ LQ 7DEOH  WKH KHDW LQSXW ZDV YDULHG WR YDU\ WKH WKURDW WKLFNQHVV DQG WKH WKHUPRVWDWLF DQG
KXPLGLVWDWLF FKDPEHU FRQGLWLRQV DQGZHOGLQJ HOHFWURGH FRQGLWLRQVZHUH YDULHG WR DGMXVW WKH DPRXQWRIGLIIXVLEOH
K\GURJHQ LQ WKH WHVW VSHFLPHQV 3UHKHDWLQJ ZDV QRW SHUIRUPHG IRU DQ\ RI WKH WHVW FRQGLWLRQV WR KHLJKWHQ WKH
VHQVLWLYLW\ RI WKH KDUGHQHG VWUXFWXUH WR FROG FUDFNLQJ 7KH WHVW FRQGLWLRQVZHUH FRQILUPHG VR WKDW FROG FUDFNLQJ
ZRXOG EH OLNHO\ WR RFFXU EHFDXVH WKH QHFHVVDU\ SUHKHDWLQJ WHPSHUDWXUH >@ FDOFXODWHG IURP WKH DPRXQW RI
GLIIXVLEOHK\GURJHQ>@PHDVXUHGVHSDUDWHO\ZDVIDUKLJKHUWKDQWKHQRUPDOWHPSHUDWXUH7KHHOHFWURGHXVHGLQWKH
LQLWLDOOD\HUZDVDQ/HOHFWURGHZKHUHDVWKDWXVHGLQWKHVXEVHTXHQWOD\HUZDVDQ/HOHFWURGHWRSUHYHQWZHOG
FUDFNLQJIURPWKHZHOGPHWDO0XOWLSOHZHOGOD\HUVZHUHWKHQIRUPHGLQWKHRUGHUVKRZQLQ)LJIURPERWKWKH
IURQWDQGEDFNVLGHVDFFRUGLQJWRWKHZHOGLQJFRQGLWLRQVVKRZQLQ7DEOH%DFNJRXJLQJZDVPDFKLQHGLQWRHDFK
WHVWZHOGLQDGYDQFHDVVKRZQLQ)LJ WRSUHYHQWXQLQWHQWLRQDOZHOGIODZV)LJVKRZVDQH[DPSOHRIDZHOG
FUDFNLQJVSHFLPHQPDQXIDFWXUHGLQVXFKDPDQQHU'HK\GURJHQDWLRQZDVSHUIRUPHGDIWHUPXOWLSOHOD\HUZHOGLQJVR
WKDWWKHFROGFUDFNLQJZRXOGQRWH[WHQGDQ\IXUWKHU
5ROOLQJGLUHFWLRQ
5ROOLQJGLUHFWLRQ
Restraint weld Restraint weld Test weld 

P
P


P
P

'RXEOHEHYHOJURRYH
)ODWVLGH
%HYHOHGVLGH
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7DEOH:HOGLQJFRQGLWLRQVRIDOOOD\HUVLQUHVWUDLQWZHOGLQJDQGVXEVHTXHQWOD\HUVLQWHVWZHOGLQJ

$OOOD\HUVLQUHVWUDLQWZHOGLQJ6XEVHTXHQWOD\HUVLQWHVWZHOGLQJ
(OHFWURGH / PPǂ  / PPǂ 
&XUUHQW$  
$UFYROWDJH9  
+HDWLQSXWN-PP § 
3UHKHDWWHPSć  
,QWHUSDVVWHPSć a a
7DEOH:HOGLQJFRQGLWLRQVRILQLWLDOOD\HULQWHVWZHOGLQJ
:HOGLQJFRQGLWLRQ
QXPEHU
:HOGLQJFXUUHQW
$
+HDWLQSXW
N-PP
7KHUPRVWDWLF	
KXPLGLVWDWLFFKDPEHU
FRQGLWLRQV
:HOGLQJHOHFWURGH
FRQGLWLRQV
$PRXQWRI
K\GURJHQ
˄P/J˅
1HFHVVDU\SUHKHDW
WHPS˄&˅
  
&
î5+
&î5+îK  


 &îKGU\LQJ  
  &î5+îK  
 
&
î5+
&îKGU\LQJ  
  &î5+îK  
  &î5+îK  
/IPP7KHVHYDOXHVDUHPHDVXUHGEDVHGRQ-,6=
1HFHVVDU\SUHKHDWWHPSHUDWXUHIRU\JURRYHZHOGFUDFNLQJWHVW

  
 )LJ2UGHURIZHOGLQJOD\HUVDQGRXWOLQHRIEDFN )LJ:HOGFUDFNLQJVSHFLPHQDIWHUZHOGLQJ
3.4. Evaluation of introduced embedded flaws 
7KUHHW\SHVRIREVHUYDWLRQDQGHYDOXDWLRQRIWKHHPEHGGHGIODZLQHDFKZHOGFUDFNLQJVSHFLPHQZHUHFRQGXFWHG
WRGHWHUPLQHZKHWKHU WKHVSHFLPHQZDVVXLWDEOHIRUXVHLQ WKHDVVHVVPHQWRI WKHVLJQLILFDQFHRIGHIHFWV)LUVWZH
SHUIRUPHGDQXOWUDVRQLFLQVSHFWLRQRIWKHXSSHUVXUIDFHRIWKHLQLWLDOOD\HURQWKHIODWVLGHIRUPHGEHIRUHPXOWLSOH
OD\HUZHOGLQJRI WKH WHVWZHOG DQGPHDVXUHG WKH SHUFHQWDJHRI FUDFNLQJ LQ WKH XSSHU VXUIDFH RI WKH LQLWLDO OD\HU
3HQHWUDWLRQRIWKHFROGFUDFNLQJWRWKHXSSHUVXUIDFHZKLFKPD\PDNHWKHSUHFLVHGHWHUPLQDWLRQRIWKHIUDFWXUHOLPLW
RIDZLGHSODWHWHQVLOHVSHFLPHQZLWKDQHPEHGGHGIODZGLIILFXOWKDGWREHDYRLGHGEHFDXVHWKHWLSRIWKHHPEHGGHG
IODZZDVEXULHGE\VXEVHTXHQWPXOWLSOHZHOGOD\HUV6HFRQGZHFDOFXODWHGWKHDYHUDJHRIILYHFUDFNKHLJKWVLQILYH
FURVVVHFWLRQVRIWKHWHVWZHOGLQDFFRUGDQFHZLWK-,6=>@WRFRQILUPWKHSRVLWLRQDQGGLPHQVLRQVRIWKH
HPEHGGHGIODZ7KLUGZHREVHUYHGHDFKFURVVVHFWLRQPDFURVFRSLFDOO\DQGGHWHUPLQHGWKHSRVLWLRQDOUHODWLRQVKLS
EHWZHHQWKHHPEHGGHGIODZDQGWKHIXVLRQOLQH
 
 
:HOG
FUDFN
PP
)URQW
%DFN
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3.5. Evaluation results for embedded flaws and selection of appropriate welding conditions 
)LJXUHVKRZVWKHFUDFNLQJSHUFHQWDJHLQWKHXSSHUVXUIDFHRIWKHLQLWLDOOD\HUIRUHDFKZHOGLQJFRQGLWLRQ:HOG
FUDFNLQJRQWKHVXUIDFHZDVGHWHFWHGRQO\LQWKHVSHFLPHQFRUUHVSRQGLQJWRFRQGLWLRQVHWIRUZKLFKWKHKHDWLQSXW
ZDVORZDQGWKHZHOGLQJHOHFWURGHZDVPDGHWRDEVRUEPRLVWXUH7KLVVHHPVWREHEHFDXVHWKHWKURDWWKLFNQHVVRI
WKHLQLWLDOOD\HUZDVWKLQDVDUHVXOWRIWKHVPDOOKHDWLQSXWDQGWKHFROGFUDFNLQJSHQHWUDWLQJLQWRWKHXSSHUVXUIDFH
2QWKHRWKHUKDQGQRZHOGFUDFNLQJZDVGHWHFWHGLQWKHVSHFLPHQVZLWKDODUJHKHDWLQSXWDQGWKLFNWKURDWVLQWKH
LQLWLDOOD\HU$VDUHVXOWZHOGLQJFRQGLWLRQVIHDWXULQJDODUJHUKHDWLQSXWZHUHMXGJHGWREHEHWWHUIRUSURGXFLQJWHVW
MRLQWZHOGV
)LJXUHVKRZV WKHDYHUDJHFUDFNLQJKHLJKWVPHDVXUHG IRU ILYHFURVVVHFWLRQVDQGHDFKZHOGLQJFRQGLWLRQ:H
VXFFHVVIXOO\ LQWURGXFHG HPEHGGHG IODZV FDXVHG E\ FROG FUDFNLQJ IRU DOO RI WKH FRQGLWLRQV&RPSDULQJ WKHZHOGV
SURGXFHGXQGHUFRQGLWLRQVRIKLJKKHDWLQSXWZHIRXQGWKDWWKHWKUHHVSHFLPHQVFRUUHVSRQGLQJWRFRQGLWLRQVHW
XQGHUZKLFKWKHPRVWGLIIXVLEOHK\GURJHQZDVPHDVXUHGKDGWKHODUJHVWHPEHGGHGIODZVLQWKHFURVVVHFWLRQZLWKLQ
WKHWHVWZHOG,QFRQWUDVWXQGHUFRQGLWLRQVHWVDQGWKHHPEHGGHGIODZVLQWKHFURVVVHFWLRQVZHUHVPDOO
DQGFRXOGQRWEHUHOLDEO\REWDLQHG

)LJ&UDFNLQJSHUFHQWDJHLQXSSHUVXUIDFHRILQLWLDOOD\HUIRUHDFK
ZHOGLQJFRQGLWLRQIRUHDFKZHOGLQJFRQGLWLRQ
)LJ$YHUDJHFUDFNLQJKHLJKWVLQILYHFURVVVHFWLRQVIRUHDFK
ZHOGLQJFRQGLWLRQ
)LJXUHVKRZVDW\SLFDOPDFURVFRSLFSKRWRJUDSKRIDFURVVVHFWLRQ&ROGFUDFNLQJRFFXUUHGRQWKHIODWVLGHRI
WKH JURRYH ZKLOH QR FUDFNLQJ ZDV REVHUYHG RQ WKH EHYHOHG VLGH RI DQ\ RI WKH VSHFLPHQV &ROG FUDFNLQJ ZDV
REVHUYHGHLWKHUQHDUWKHIXVLRQOLQHLQWKHKHDWDIIHFWHG]RQHRURQWKHIXVLRQOLQH6RPHVSHFLPHQVH[KLELWHGFROG
FUDFNLQJDWWKHWLSLQWKHZHOGPHWDO+RZHYHUEHFDXVHQRUHODWLRQVKLSLVDSSDUHQWEHWZHHQWKHZHOGLQJFRQGLWLRQV
VXFKDVWKHKHDWLQSXWDQGWKHDPRXQWRIGLIIXVLEOHK\GURJHQDQGWKHSRVLWLRQRIWKHHPEHGGHGIODZUHODWLYHWRWKH
IXVLRQ OLQH LQ WKHFURVV VHFWLRQ LWZRXOGDSSHDU WREHGLIILFXOW WR FRQWURO WKHSRVLWLRQRI WKHFROGFUDFNLQJ LQ WKH
FURVVVHFWLRQE\FRQWUROOLQJWKHZHOGLQJFRQGLWLRQV


)LJ([DPSOHRIHPEHGGHGIODZLQFURVVVHFWLRQFRQGLWLRQ
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7KHUHIRUHFRQGLWLRQVHWKHDWLQSXWN-PPWKHUPRVWDWLFFKDPEHUFRQGLWLRQV&DQGUHODWLYHKXPLGLW\
 KXPLGLVWDWLF FKDPEHU FRQGLWLRQV & UHODWLYH KXPLGLW\   K XQGHU ZKLFK WKH KLJKHVW OHYHO RI
GLIIXVLEOH K\GURJHQZDVPHDVXUHGZDV MXGJHG WR EH RSWLPXP IRU WKHZHOGLQJ RI WHVW MRLQWV EHFDXVH WKLV VHW RI
FRQGLWLRQVVHHPHGWREHFDSDEOHRIVWDEO\SURGXFLQJFROGFUDFNLQJDWDVXIILFLHQWKHLJKWZLWKLQWKHWHVWZHOG
:LGHSODWHWHQVLOHWHVW
4.1. Manufacture of specimen 
$ZHOGHG MRLQWZLWK DQ HPEHGGHG IODZZDVPDQXIDFWXUHG XQGHU FRQGLWLRQ VHW  IRU DSSOLFDWLRQ WRZLGHSODWH
WHQVLOHWHVWLQJ:KLOHWKHZHOGLQJSURFHGXUHDQGFRQGLWLRQVZHUHDOPRVWWKHVDPHDVGHVFULEHGSUHYLRXVO\WKHRUGHU
RIZHOGLQJRIWKHOD\HUVZDVPRGLILHGVRWKDWOD\HUVZHUHZHOGHGLQDQDOWHUQDWLQJIDVKLRQIURPWKHIURQWDQGEDFN
VLGHVWRPLQLPL]HDQJXODUPLVDOLJQPHQW)XUWKHUPRUHDVVKRZQLQ)LJWKHEDFNJRXJLQJSURFHGXUHZDVPRGLILHG
WRSUHYHQWXQLQWHQWLRQDOZHOGFUDFNLQJFDXVHGE\WKHHQWDQJOHPHQWRIVODJ$FFRUGLQJO\ WKHQXPEHURISDVVHVRQ
WKH EDFN VXUIDFH LQFUHDVHG 3HQHWUDWLRQ RI WKH FROG FUDFNLQJ WKURXJK WKH LQLWLDO OD\HUZDV QRW REVHUYHGZKHQ DQ
LQVSHFWLRQRI WKH IURQW VXUIDFHRI WKH LQLWLDO OD\HUZDVSHUIRUPHGXVLQJD OLTXLGSHQHWUDQWSULRU WR WKHZHOGLQJRI
VXEVHTXHQW OD\HUVRI WKHWHVWZHOG$VGHVFULEHGSUHYLRXVO\ WKHZHOGHGMRLQWZDVGHK\GUDWHGDIWHUPXOWLSOH OD\HUV
KDGEHHQZHOGHG


)LJ2UGHURIZHOGLQJOD\HUVDQGRXWOLQHRIEDFNJRXJLQJLQWHVWZHOGLQJIRUZLGHSODWHWHQVLOHWHVWV



)LJ:LGHSODWHWHQVLOHVSHFLPHQ


:HOG
FUDFN
8 mm 
)URQW
%DFN
1 mm 
㻡㻜㻾㻡㻜㻾
㻟㻡㻜䠄ᖹ⾜㒊䠅
㻡㻞㻜
㻝㻞㻜
㻝㻥㻡
ᘏ㛗⁐᥋㒊
䠄వ┒◊☻䠖ᯈ⾲㠃䜎䛷䠅
㻟㻜㻜
⁐᥋㒊
䠄వ┒◊☻䠖ᯈ⾲㠃䜎䛷䠅
ᘏ㛗⁐᥋㒊
䠄వ┒◊☻䠖ᯈ⾲㠃䜎䛷䠅
ෆᅾḞ㝗
ヨ㦂య 䝍䝤ᯈ䝍䝤ᯈ
ᖜ㻜㼙㼙
㛗ᡭ㻜㼙㼙
䠘ୖഃ䠚
䠘ୖഃ䠚
༢఩㻔㼙㼙㻕
7DESODWH7DESODWH 
([WHQGLQJZHOGLQJ ([WHQGLQJZHOGLQJ


55



(PEHGGHGIODZ

7HVWZHOGLQJ
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7DEOH0LVDOLJQPHQWPHDVXUHGLQWKHFHQWHU
$QJXODUPLVDOLJQPHQW $[LDOPLVDOLJQPHQWPP
PP
:HOGFUDFNLQJ
VSHFLPHQ
PP
:LGHSODWH
WHQVLOHVSHFLPHQ
PP
:HOGFUDFNLQJ
VSHFLPHQ
  
4.2. Test conditions 
$01KRUL]RQWDO WHQVLOHPDFKLQHZDVXVHG IRU WKHZLGHSODWH WHQVLOH WHVW7KHZLGHSODWH WHQVLOH VSHFLPHQ
ZDVIDEULFDWHGWRVSDQDGLVWDQFHRIDSSUR[LPDWHO\PPEHWZHHQSLQKROHV7KHORDGGLVSODFHPHQWVWUDLQDQG
WHPSHUDWXUH GXULQJ WHVWLQJZHUHPHDVXUHG 7KH GLVSODFHPHQWVZHUHPHDVXUHG DW IRXU SRLQWV WKUHH SRLQWV RQ WKH
IURQWVXUIDFHRIWKHVSHFLPHQDQGRQHSRLQWRQWKHEDFNVXUIDFHZLWKJDXJHVKDYLQJDJDXJHOHQJWKVRIPP
7KHVWUDLQVDQGWHPSHUDWXUHVZHUHPHDVXUHGXVLQJVWUDLQJDXJHVDQGWKHUPRFRXSOHVUHVSHFWLYHO\
7KHWHVWWHPSHUDWXUHZDVí&SODFLQJLWLQWKHORZHUSDUWRIWKHGXFWLOHWREULWWOHWUDQVLWLRQUHJLRQLQRUGHUWR
DWWDLQEULWWOHIUDFWXUHDQGLQFXUWKHLQIOXHQFHRIWKHSODVWLFFRQVWUDLQW7DEOHVXPPDUL]HVWKHPHFKDQLFDOSURSHUWLHV
RI WKHEDVHPHWDO DQG WKHZHOGPHWDO DW WKH WHVW WHPSHUDWXUH7KH WHPSHUDWXUH DW WKHFHQWHURI WKH VSHFLPHQZDV
FRQWUROOHGWRZLWKLQ&E\VSUD\LQJOLTXHILHGQLWURJHQLQDFRROLQJER[PRXQWHGRQWKHFHQWHURIWKHVSHFLPHQ
7DEOH0HFKDQLFDOSURSHUWLHVDWWHVWWHPSHUDWXUH
7 í&
<6
03D
76
03D
(/

<5

%DVHPHWDO    
:HOGPHWDO    
4.3. Test results 
7KHZLGHSODWHWHQVLOHVSHFLPHQZDVORDGHGTXDVLVWDWLFDOO\DWDGLVSODFHPHQWUDWHRIDSSUR[LPDWHO\PPPLQ
XQWLOIUDFWXUH7DEOHSURYLGHVDQRYHUYLHZRIWKHREWDLQHGWHVWUHVXOWVDQG)LJVKRZVWKHORDG±GLVSODFHPHQW
FXUYH $IWHU SODVWLF GHIRUPDWLRQ EULWWOH IUDFWXUH RFFXUUHG ZKHQ WKH ORDG UHDFKHG  N1 DQG WKH DYHUDJH
GLVSODFHPHQWUHDFKHGPP7KHUHZDVQRHYLGHQFHRISRSLQLQWKHORDG±GLVSODFHPHQWFXUYH$V)LJVKRZV
ZHZHUHDEOHWRLQWURGXFHDQHDUO\UHFWDQJXODUHPEHGGHGIODZLQWKHFHQWHURIWKHVSHFLPHQGXHWRFROGFUDFNLQJ
7KHHPEHGGHGIODZPHDVXUHGDPD[LPXPRIPPLQWKHZHOGLQJGLUHFWLRQDQGDPD[LPXPRIPPLQWKH
WKLFNQHVVGLUHFWLRQ7KHJURVVIUDFWXUHOLPLWVWUHVVZDV03DDQGWKHQHWIUDFWXUHVWUHVVZDVDSSUR[LPDWHO\
03D,Q WKLVZD\ WKHIUDFWXUHVWUHVVRI WKHZLGHSODWHZHOGHGMRLQWVSHFLPHQZLWKDQHPEHGGHGIODZGXH WRFROG
FUDFNLQJZDVH[SHULPHQWDOO\REWDLQHG
7DEOH5HVXOWVRIZLGHSODWHWHQVLOHWHVW
7HVW
WHPS
&
0D[
ORDG
N1
'LVSODFHPHQWPP
*/ PP
3RVLWLRQ (DFK $YH
í 
)URQWPP 

)URQWPP 
)URQWíPP 
%DFNPP 

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
)LJ/RDGGLVSODFHPHQWFXUYH


)LJ(PEHGGHGIODZLQWKHIUDFWXUHVXUIDFH
4.4. Identification of microstructure of fracture origin 
$ IUDFWXUH RULJLQ VXUYH\ RI WKH IUDFWXUH VXUIDFH ZDV FRQGXFWHG DQG WKH PLFURVWUXFWXUH RI WKH FURVVVHFWLRQ
SROLVKHG QHDU WKH IUDFWXUH RULJLQ ZDV H[DPLQHG XVLQJ VFDQQLQJ HOHFWURQPLFURVFRS\ 6(0 WR FRQILUP WKDW WKH
UHTXLUHPHQWVVWDWHGLQVHFWLRQKDGEHHQVDWLVILHGLQWKHZLGHSODWHWHQVLOHWHVW)LJLOOXVWUDWHVWKHSURFHGXUH
IRULGHQWLI\LQJWKHPLFURVWUXFWXUHRIWKHIUDFWXUHRULJLQ
7KH IUDFWXUH RULJLQ LGHQWLILHG LQ WKH VXUYH\ LV VKRZQ LQ )LJ $ VWUHWFKHG ]RQHZDV REVHUYHG EHWZHHQ WKH
HPEHGGHG IODZ DQG WKH EULWWOH IUDFWXUH VXUIDFH DQG WKH IUDFWXUH RULJLQZDV ORFDWHG DW WKH ERXQGDU\ EHWZHHQ WKH
VWUHWFKHG]RQHDQGWKHEULWWOHIUDFWXUHVXUIDFH8QLQWHQWLRQDOZHOGLQJIODZVRUFRDUVHLQFOXVLRQVZHUHQRWREVHUYHG
QHDUWKHIUDFWXUHRULJLQ7KHUHZDVDOVRQRHYLGHQFHRISRSLQLQWKHIUDFWXUHVXUIDFH


)LJ3URFHVVIRUREVHUYDWLRQRIVWUXFWXUHDURXQGIUDFWXUHRULJLQ
)URQW
)URQW
%DFN
%DFN
(PEHGGHGIODZ



1. Observation of fracture origin
by SEM.㻌
 


2. Cutting close to fracture origin.
3. Polishing from cutting surface
to fracture origin.㻌
4. Observation of structure 㻌
around fracture origin by SEM.
5. Polishing and etching a pair of
 C  cutting surfaces.㻌
6. Observation of cutting surface.
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

)LJ)UDFWXUHRULJLQRIHPEHGGHGIODZ

)LJ2EVHUYDWLRQRIFXWWLQJVXUIDFH

)LJ2EVHUYDWLRQVRIVWUXFWXUHDURXQGIUDFWXUHRULJLQE\6(0
)LJXUH  VKRZV D PDFURVFRSLF SKRWRJUDSK RI WKH FURVVVHFWLRQ QHDU WKH IUDFWXUH RULJLQ DQG )LJ  VKRZV
SKRWRJUDSKVRI WKHPLFURVWUXFWXUHRI WKH FURVVVHFWLRQ SROLVKHGQHDU WKH IUDFWXUHRULJLQ DVREWDLQHGXVLQJ6(0
7KHVHILJXUHVVKRZWKDWWKHHPEHGGHGIODZDQGWKHIUDFWXUHRULJLQZHUHGHILQLWHO\ORFDWHGLQWKHKHDWDIIHFWHG]RQH
QHDUWKHIXVLRQOLQHRQWKHIODWVLGHWKDWWKHIUDFWXUHRULJLQZDVORFDWHGFORVHWRWKHIXVLRQOLQHDWDGLVWDQFHRI
PPDQGWKDWWKHIUDFWXUHRULJLQZDVORFDWHGLQWKHFRDUVHJUDLQHGKHDWDIIHFWHG]RQHDQGFRQVLVWHGRIXSSHUEDLQLWH
ZLWKDQ0$FRQVWLWXHQW&RQVHTXHQWO\LWZDVFRQILUPHGWKDWWKHZLGHSODWHWHQVLOHWHVWRIWKHZHOGHGMRLQWZLWKWKH
HPEHGGHG IODZ GXH WR FROG FUDFNLQJ VDWLVILHG WKH UHTXLUHPHQWV IRU XVH LQ WKH DVVHVVPHQW RI WKH VLJQLILFDQFH RI
GHIHFWVEHFDXVHWKHIUDFWXUHVXUIDFHZDVLQWKHORFDOEULWWOH]RQH
$VVHVVPHQWRIVLJQLILFDQFHRIGHIHFWV
5.1. Comparison between critical stress and allowable stress 
:HSHUIRUPHG D IUDFWXUH HYDOXDWLRQ E\ FRPSDULQJ WKH IUDFWXUH VWUHVVPHDVXUHG LQ WKH WHVWZLWK WKH DOORZDEOH
VWUHVVRIWKHWHVWHGVWHHOWRHYDOXDWHWKHVWUXFWXUDOLQWHJULW\RIZHOGHGVWUXFWXUHVZLWKHPEHGGHGIODZVOLNHWKDWRI
WKHZLGHSODWHWHQVLOHWHVWVSHFLPHQ7KHDOORZDEOHVWUHVVRIWKHWHVWHGVWHHOZKLFKLVD03DFODVVKLJKWHQVLOH
VWUHQJWKVWHHOLV03DDVVXPLQJWKDWWKHDOORZDEOHVWUHVVLVHTXDOWRWKHVSHFLILHGPLQLPXP\LHOGVWUHVVGLYLGHG
E\7KLVYDOXHLVOHVVWKDQKDOIRIWKHJURVVIUDFWXUHOLPLWVWUHVV03DPHQWLRQHGLQVHFWLRQ$FFRUGLQJO\
IUDFWXUHZLOOQRWRFFXUHYHQLIDVLPLODUHPEHGGHGIODZH[LVWVLQDZHOGHGVWUXFWXUHPDGHRIWKLVW\SHRIVWHHO
)URQW㻌
%DFN㻌
)URQW
%DFN
PP  PP
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
 D5HVXOWRIPLFUR9LFNHUVKDUGQHVVWHVWVRIFXWWLQJVXUIDFH E6WUXFWXUHVRI&*+$=QHDUIXVLRQOLQH
)LJ&RPSDULVRQRIZHOGMRLQWVEHWZHHQZLGHSODWHWHQVLOHWHVWDQGWKUHHSRLQWEHQGWHVW
5.2. Assessment of significance of defect by FAD 
5.2.1. Three-point bending tests for input to FAD evaluation 
7KHIUDFWXUHVWUHVVREWDLQHGLQWKHZLGHSODWHWHQVLOHWHVWZDVFRPSDUHGZLWKDIDLOXUHDVVHVVPHQWGLDJUDP)$'
EDVHGRQ%6>@IRUDQHPEHGGHGIODZLQWURGXFHGLQWKHZLGHSODWHWHQVLOHWHVW7KHIUDFWXUHWRXJKQHVV
IRULQSXWWRWKH)$'HYDOXDWLRQZDVREWDLQHGLQDGYDQFHE\WKUHHSRLQWEHQGLQJWHVWLQJEDVHGRQ:(6*LYHQ
WKHJRDORIPDQXIDFWXULQJZHOGHGMRLQWVVLPLODUWRWKHZLGHSODWHWHQVLOHWHVWVSHFLPHQEXWZLWKRXWZHOGLQJIODZV
ZLWKDMRLQWJHRPHWU\DQGZHOGLQJFRQGLWLRQVIRUWKHZHOGHGMRLQWXVHGLQWKHWKUHHSRLQWEHQGLQJWHVWEHLQJVLPLODU
WR WKRVH IRU WKH ZLGHSODWH WHQVLOH WHVW VSHFLPHQ WKH ZHOGHG MRLQW XVHG LQ WKH WKUHHSRLQW EHQGLQJ WHVW ZDV
PDQXIDFWXUHGZLWKGU\LQJRI WKHZHOGLQJ HOHFWURGH SUHKHDWLQJ DQGSUHFLVH LQWHUSDVV WHPSHUDWXUH FRQWURO LQ WKH
VDPHZD\DVIRUWKHQRUPDOWHVWSUHSDUDWLRQSURFHGXUH:HFRQILUPHGWKDWWKHKDUGQHVVOHYHODQGPLFURVWUXFWXUHLQ
WKHKHDWDIIHFWHG ]RQHRI WKH WHVWHGZHOGHG MRLQWZHUH DOPRVW WKH VDPHDV WKRVHRI WKHZHOGHG MRLQW WHVWHG LQ WKH
ZLGHSODWHWHQVLOHWHVWDVVKRZQLQ)LJ$IWHUGHK\GURJHQDWLRQWHQWKUHHSRLQWEHQGLQJWHVWVZHUHSHUIRUPHGRQ
VSHFLPHQVZLWKWKURXJKZDOOQRWFKWKLFNQHVVHVRIPP7KHFULWLFDOFUDFNWLSRSHQLQJGLVSODFHPHQW&72'RI
WKHIRXUVSHFLPHQVIRUZKLFKWKHIUDFWXUHRULJLQZDVFRQILUPHGWREHORFDWHGLQWKHORFDOEULWWOH]RQHDVZHOODVWKDW
RIWKHZLGHSODWHWHQVLOHWHVWVSHFLPHQZHUHZLWKLQWKHUDQJHRIPPWRPP
5.2.2. Inputs and results of FAD evaluation 
7KH LQSXW GDWD XVHG IRU WKH )$' HYDOXDWLRQ DUH VKRZQ LQ 7DEOH  7KH VKDSH RI WKH HPEHGGHG IODZ ZDV
DSSUR[LPDWHGE\DQHOOLSVHZLWKDGLDPHWHUDWWKHORQJHVWSRLQWRIPPDQGDZLGWKRIPPVXFKWKDWWKHDUHDRI
WKHHPEHGGHG IODZDQG WKHHOOLSVHZRXOGEH LGHQWLFDO7KHPHDVXUHGZLGWK WKLFNQHVV DQGDQJXODUPLVDOLJQPHQW
YDOXHVZHUH LQSXW7KH VWUHQJWKV DURXQG WKH HPEHGGHG IODZVZHUH KHWHURJHQHRXV DV VKRZQ LQ7DEOH  DQG)LJ
D7KHVWUHQJWKRIWKHZHOGPHWDOFRQVLGHULQJWKHORZHVWVWUHQJWKRIDQ\SDUWRIWKHZHOGHGMRLQWZDVLQSXWIURP
7DEOHEDVHGRQWKH%6VSHFLILFDWLRQ$IUDFWXUHWRXJKQHVVYDOXHRI.FU 03DĜPZDVLQSXWEDVHGRQ
GFU PPWKHPLQLPXPYDOXHJLYHQLQVHFWLRQ)RUWKHSULPDU\VWUHVVDJURVVIUDFWXUHOLPLWVWUHVVRI
03DZDVLQSXWDVWKHD[LDOVWUHVV)RUWKHVHFRQGDU\VWUHVV4P 03DDQG4E 03DZHUHLQSXWEDVHG
RQWKHUHVLGXDOVWUHVVGLVWULEXWLRQLQWKHWKLFNQHVVGLUHFWLRQFLWHGLQ%6$QQH[4
7KHUHVXOWVRIWKH)$'HYDOXDWLRQEDVHGRQWKHDERYHLQSXWYDOXHVDUHVKRZQLQ)LJ7KHDVVHVVPHQWSRLQW
IRU WKH IUDFWXUHRI WKHZLGHSODWH WHQVLOH VSHFLPHQZLWK WKHHPEHGGHG IODZGXH WRFROGFUDFNLQJ IDOOVRXWVLGH WKH
IDLOXUHDVVHVVPHQWFXUYH7KLVPHDQVWKDWWKH)$'HYDOXDWLRQLQGLFDWHVWKDWWKHVSHFLPHQZLOOIUDFWXUH7KHUHIRUHLW
LV FRQILUPHG WKDW WKH %6EDVHG )$' HYDOXDWLRQ SURFHGXUH LV DSSOLFDEOH WR FROGFUDFNLQJ HPEHGGHG IODZV
)XUWKHUPRUHEHFDXVHWKHDVVHVVPHQWSRLQWLVTXLWHIDUIURPWKHIDLOXUHDVVHVVPHQWFXUYHWKHUHLVDVSHFLILFPDUJLQ
RIVDIHW\DVVRFLDWHGZLWKZKHWKHUWKHVSHFLPHQZLOOIUDFWXUH
Wide plate㻌
Wide plate 
3%
PP
PP
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7DEOH,QSXWGDWDIRU)$'DVVHVVPHQW
)ODZGHWDLO
*HRPHWU\ )ODWSODWH
)ODZ (PEHGGHGIODZ
7KLFNQHVVPP 
:LGWKPP 
)ODZKHLJKWPP 
)ODZOHQJWKPP 
/LJDPHQWPP 
$QJXODUPLVDOLJQPHQW
+HLJKWRISHDNLQJPP 
([WUHPLWLHVPP 
6WUHVVUDWLR 
0HFKDQLFDOSURSHUWLHV
<LHOGVWUHVV03D 
7HQVLOHVWUHVV03D 
7RXJKQHVV.03D¥P 
<RXQJ¶VPRGXOXV*3D 
3RLVVRQ¶VUDWLR 
3ULPDU\VWUHVV
0HPEUDQHVWUHVV03D 
%HQGLQJVWUHVV03D 
6HFRQGDU\VWUHVV
0HPEUDQHVWUHVV03D 
%HQGLQJVWUHVV03D 


)LJ5HVXOWRI)$'DVVHVVPHQW
)UDFWXUHG
1RWIUDFWXUHG
/U

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 D7RXJKQHVV E5HVLGXDOVWUHVV
)LJ3DUDPHWULFVWXG\RQWKHFDXVHVRIVDIHW\PDUJLQLQ)$'DVVHVVPHQW
5.2.3. Discussion of the failure mechanism and the safety margin 
%HFDXVHWKHIDLOXUHDVVHVVPHQWFXUYHXVHGLQWKH)$'HYDOXDWLRQSURFHGXUHLQGLFDWHVWKHORFXVRIWKHHVWLPDWHG
IDLOXUHSRLQWVLWLVSRVVLEOHWRSUHGLFWWKHIUDFWXUHVWUHVVIURPWKHLQWHUVHFWLRQRIWKHIDLOXUHDVVHVVPHQWFXUYHZLWK
WKHORDGLQJSDWKVKRZLQJWKHKLVWRU\RIORDGLQJ>@1H[WOHWXVFRQVLGHUWKHIUDFWXUHVWUHVVRIWKHZLGHSODWHWHQVLOH
VSHFLPHQ$OWKRXJKWKHVWUHQJWKDURXQGWKHHPEHGGHGIODZZDVKHWHURJHQHRXVDVVKRZQLQ)LJDPRVWRIWKH
OLJDPHQWLQWKHFURVVVHFWLRQDURXQGWKHHPEHGGHGIODZZKLFKLQIOXHQFHVWKHQHWIUDFWXUHVWUHVVFRQVLVWHGRIZHOG
PHWDOZLWK WKH ORZHVW VWUHQJWK DW WKHZHOGHG MRLQW DV VKRZQ LQ )LJ  &RQVLGHULQJ WKDW WKHZLGHSODWH WHQVLOH
VSHFLPHQ IUDFWXUHG DIWHU SODVWLF GHIRUPDWLRQ DQG WKDW WKH QHW IUDFWXUH VWUHVV 03DZDV KLJKHU WKDQ WKH IORZ
VWUHVVRI WKHZHOGPHWDO03DDVQRWHG LQ VHFWLRQ LW LVEHOLHYHG WKDW WKH ORFDO VWUHVV LQ WKHFURVVVHFWLRQ
DURXQGWKHHPEHGGHGIODZH[FHHGHGWKHSODVWLFFROODSVHORDGLPPHGLDWHO\EHIRUHWKHVSHFLPHQIUDFWXUHG+RZHYHU
WKH)$'HYDOXDWLRQUHVXOWVVXJJHVWWKDWWKHVSHFLPHQVKRXOGKDYHIUDFWXUHGDWDIUDFWXUHVWUHVVORZHUWKDQWKHSODVWLF
FROODSVHORDG
7KHGLIIHUHQFHVLQWKHFULWLFDO&72'DQGWKHUHVLGXDOZHOGLQJVWUHVVEHWZHHQWKH)$'HYDOXDWLRQLQSXWDQGWKH
DFWXDOZLGHSODWHWHQVLOHWHVWDUHIDFWRUVLQIOXHQFLQJWKHVDIHW\PDUJLQRIWKHIUDFWXUHVWUHVV7KHFULWLFDO&72'LQD
WKUHHSRLQW EHQGLQJ WHVW LV XVXDOO\ VDLG WR EH ORZHU WKDQ WKDW LQ D ZLGHSODWH WHQVLOH WHVW EHFDXVH RI WKH SODVWLF
FRQVWUDLQW>@$VWKHQRWFKWLSRIDWKUHHSRLQWEHQGLQJWHVWVSHFLPHQLVLQWURGXFHGE\IDWLJXHFUDFNLQJZKLOH
WKDWRIWKHZLGHSODWHWHQVLOHVSHFLPHQXVHGLQWKLVVWXG\ZDVLQWURGXFHGE\FROGFUDFNLQJWKHFULWLFDO&72'LQWKH
WKUHHSRLQWEHQGLQJWHVWPD\KDYHEHHQORZHUWKDQWKDWRIWKHZLGHSODWHWHQVLOHWHVWVSHFLPHQ7KLVLVEHFDXVHWKH
UDGLXVRIWKHQRWFKWLSZDVVPDOOHU>@)RUWKLVUHDVRQWKHFULWLFDO&72'LQWKHWKUHHSRLQWEHQGLQJWHVWZKLFKLV
XVHGDVDQ LQSXW LQ WKH)$'HYDOXDWLRQFDQEH ORZHU WKDQ WKDW LQDZLGHSODWH WHQVLOH WHVW ,QDGGLWLRQ WKH LQSXW
YDOXHV EDVHG RQ WKH GLVWULEXWLRQ RI WKH UHVLGXDO ZHOGLQJ VWUHVV RI WKH ZLGHSODWH WHQVLOH VSHFLPHQ PHDVXUHG E\
VHFWLRQLQJWKHHTXLYDOHQWZHOGHGMRLQWZLWKWKHVWUDLQJDXJHVRQWKHFURVVVHFWLRQZHUH4P 03DDQG4E 
03DZKLFKDUHORZHUWKDQWKRVHEDVHGRQWKHGLVWULEXWLRQLQ%6$QQH[4DQGWKRVHXVHGDVLQSXWVLQWKH
)$'HYDOXDWLRQ4P 03DDQG4E 03D7KHVHGLIIHUHQFHVPD\LQIOXHQFHWKH)$'UHVXOWV
$SDUDPHWULFVWXG\ZDVFRQGXFWHGYDU\LQJWKH)$'LQSXWYDOXHVIRUWKHIUDFWXUHWRXJKQHVVDQGVHFRQGDU\VWUHVV
WRDVVHVVWKHLQIOXHQFHRIWKHVHIDFWRUVRQWKHFULWLFDO&72'DQGWKHUHVLGXDOZHOGLQJVWUHVVRQWKH)$'HYDOXDWLRQ
UHVXOWV7KHUHVXOWVRIWKHSDUDPHWULFVWXG\DUHVKRZQLQ)LJ7KHDVVHVVPHQWSRLQWLQ)LJLVLQGLFDWHGLQUHG
DQG WKH DVVHVVPHQWSRLQWVREWDLQHGE\YDU\LQJ HDFKSDUDPHWHU DUH LQGLFDWHG LQEOXH$V)LJ D VKRZV DV WKH
LQSXWIUDFWXUHWRXJKQHVVLQFUHDVHGFRQVLGHULQJWKHGLIIHUHQFHLQWKHIUDFWXUHWRXJKQHVVDQGUHVLGXDOZHOGLQJVWUHVV
WKHWRXJKQHVVUDWLR.URIWKHDVVHVVPHQWSRLQWGHFUHDVHG$V)LJEVKRZVLI4PDQG4EDUHLQSXWEDVHGRQWKH
UHVLGXDOZHOGLQJVWUHVVGLVWULEXWLRQPHDVXUHGE\VHFWLRQLQJWKHHTXLYDOHQWZHOGHGMRLQWZLWKWKHVWUDLQJDXJHVRQWKH
FURVVVHFWLRQ WKH WRXJKQHVV UDWLR.U RI WKH DVVHVVPHQW SRLQWZDV DOVR VPDOOHU WKDQ WKH UHVXOW VKRZQ LQ )LJ 
ZKLFKZDVEDVHGRQWKHUHVLGXDOVWUHVVFLWHGLQ%6$QQH[4,QWKLVZD\WKHRYHUODSSLQJRIWKHVHHIIHFWVFDQ
GHFUHDVHWKHWRXJKQHVVUDWLR.URIWKHDVVHVVPHQWSRLQWDQGWKHORDGLQJSDWKFDQFURVVWKHSODVWLFFROODSVHOLQH7KLV
PHDQVWKDWWKHSUHGLFWLRQRIIUDFWXUHVWUHVVE\)$'FRUUHVSRQGVWRWKHDFWXDOIUDFWXUHEHKDYLRULQWKDWWKHDSSOLHG
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VWUHVVUHDFKHGWKHSODVWLFFROODSVHORDGEHIRUHIUDFWXUHLQWKHZLGHSODWHWHQVLOHVSHFLPHQ$OWKRXJK)$'HYDOXDWLRQ
FDQQRWSUHGLFWWKHSRVVLELOLW\RIIUDFWXUHDIWHUSODVWLFFROODSVHDQGFDQQRWSUHGLFWWKHIUDFWXUHVWUHVVLWFDQEHVKRZQ
XVLQJDUHDVRQDEOHFULWLFDO&72'YDOXHFRUUHFWHGIRUWKHLQIOXHQFHRIWKHSODVWLFFRQVWUDLQWWKHQRWFKWLSUDGLXVDQG
WKHPHDVXUHGUHVLGXDOZHOGLQJVWUHVVGLVWULEXWLRQ WKDW WKHZLGHSODWH WHQVLOHVSHFLPHQKDGDOUHDG\UHDFKHGSODVWLF
FROODSVHEHIRUHXQVWDEOHIUDFWXUH
&RQFOXVLRQ
7HVWVZHUHFRQGXFWHGWRGHWHUPLQHWKHEHVWFRQGLWLRQVIRUWKHIDEULFDWLRQRIZHOGHGMRLQWVZLWKHPEHGGHGIODZV
GXHWRFROGFUDFNLQJIRUXVHLQWKHDVVHVVPHQWRIWKHVLJQLILFDQFHRIGHIHFWVLQZHOGHGMRLQWVDQGDZLGHSODWHWHQVLOH
WHVWZDVFRQGXFWHGWRHYDOXDWHWKHIUDFWXUHORDGDQGIUDFWXUHEHKDYLRURIDZHOGHGMRLQWZLWKDQHPEHGGHGIODZGXH
WRFROGFUDFNLQJLQDQDFWXDOVWUXFWXUH7KHIROORZLQJFRQFOXVLRQVZHUHGUDZQEDVHGRQWKHUHVXOWVRIWKHVWXG\
 $PHWKRGZDVGHYHORSHG IRUPDQXIDFWXULQJZHOGHG MRLQWVZLWK LQWHQWLRQDOO\ LQWURGXFHGHPEHGGHG IODZV
GXHWRFROGFUDFNLQJEDVHGRQWKH\JURRYHZHOGFUDFNLQJWHVW:HOGHGMRLQWVZHUHPDQXIDFWXUHGXQGHUVL[
GLIIHUHQWZHOGLQJFRQGLWLRQVYDU\LQJ LQ WKHKHDW LQSXWDQGDPRXQWRIGLIIXVLEOHK\GURJHQ WR LGHQWLI\WKH
EHVWFRQGLWLRQVIRUXVHLQGHIHFWDVVHVVPHQWDQGWKHQLQYHVWLJDWHGHDFKVSHFLPHQLQWHUPVRIWKHSRVLWLRQ
DQGGLPHQVLRQVRIWKHHPEHGGHGIODZVDQGWKHVWDELOLW\RIFROGFUDFNLQJ$VDUHVXOWWKHFRQGLWLRQVHWKHDW
LQSXW  N-PP WKHUPRVWDWLF FKDPEHU FRQGLWLRQV & UHODWLYH KXPLGLW\  KXPLGLVWDWLF FKDPEHU
FRQGLWLRQV & UHODWLYH KXPLGLW\ K IRUZKLFK WKH KHDW LQSXWZDV ODUJH DQGZLWK WKH ODUJHVW
DPRXQWRIGLIIXVLEOHK\GURJHQVHHPHGWRUHOLDEO\SURGXFHFROGFUDFNLQJDWDVXIILFLHQWKHLJKWZLWKLQWKH
WHVWZHOGDQGWKHUHIRUHZDVFKRVHQDVWKHZHOGLQJFRQGLWLRQVHWIRUWKHZLGHSODWHWHQVLOHWHVW
 $ZLGHSODWH WHQVLOH WHVWZDV SHUIRUPHG IRU WKHZHOGHG MRLQWZLWK WKH HPEHGGHG IODZ XQGHU WKH FKRVHQ
ZHOGLQJ FRQGLWLRQV WR REWDLQ D JURVV IUDFWXUHOLPLW VWUHVV RI  03D DQG D QHW IUDFWXUH VWUHVV RI
DSSUR[LPDWHO\03D,WZDVGHWHUPLQHGWKDWWKHLQWURGXFHGHPEHGGHGIODZZDVQHDUO\UHFWDQJXODUDQG
SRVLWLRQHGQHDUWKHIXVLRQOLQHLQWKHKHDWDIIHFWHG]RQH$IUDFWXUHRULJLQVXUYH\RIWKHZLGHSODWHWHQVLOH
VSHFLPHQ UHYHDOHG WKDW WKHEULWWOH IUDFWXUHRULJLQDWHG LQ WKH ORFDO EULWWOH ]RQH DW WKH WLSRI WKH LQWURGXFHG
HPEHGGHGIODZ&RQVHTXHQWO\LWZDVFRQILUPHGWKDWWKLVWHVWVDWLVILHGWKHUHTXLUHPHQWVIRUDSSOLFDWLRQWR
DQHYDOXDWLRQRIWKHVLJQLILFDQFHRIGHIHFWV
 ,WZDVGHWHUPLQHGWKDWWKHIUDFWXUHOLPLWVWUHVVZDVVXIILFLHQWO\KLJKHUWKDQWKHDOORZDEOHVWUHVVWKHUHIRUH
IUDFWXUHZLOOQRWRFFXUHYHQLIVLPLODUHPEHGGHGIODZVH[LVWLQWKHZHOGHGVWUXFWXUHV)XUWKHUPRUHLWZDV
FRQILUPHGWKDWWKH%6EDVHG)$'HYDOXDWLRQSURFHGXUHLVDSSOLFDEOHWRFROGFUDFNLQJHPEHGGHGIODZV
ZLWK D VSHFLILF VDIHW\PDUJLQ$OWKRXJK WKH ORDG REVHUYHG LQ WKH HPEHGGHG IODZ QHDU WKH FURVVVHFWLRQ
H[FHHGHGWKHSODVWLFFROODSVHORDGWKHIUDFWXUHORDGHVWLPDWHGE\)$'HYDOXDWLRQZDVOHVVWKDQWKHSODVWLF
FROODSVHORDG7KLVGLIIHUHQFHFDQEHH[SODLQHGE\DQDSSURSULDWHFRUUHFWLRQRIWKHFULWLFDOFUDFNWLSRSHQLQJ
GLVSODFHPHQWDQGWKURXJKWKLFNQHVVUHVLGXDOVWUHVVGLVWULEXWLRQ
$FNQRZOHGJHPHQWV
7KHDXWKRUVDUHJUDWHIXOWR'U<XNLWR+DJLZDUDIRUPHUO\RI6RSKLD8QLYHUVLW\DQG3URI)XPL\RVKL0LQDPLDQG
$VVRF3URI0LWVXUX2KDWDRI2VDND8QLYHUVLW\IRUWKHLUYDOXDEOHDGYLFHDQGWRWKH,+,&RUSRUDWLRQWKH,+,3ODQW
&RQVWUXFWLRQ&R/WGWKH2VDND*DV&R/WGDQGWKH7RKR*DV&R/WGIRUWKHLUVXSSRUW
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